Based on the statistical model proposed for the molecular structure of the insoluble organic matter (IOM) isolated from the Murchison meteorite, it was recently proposed that, in the solar T-Tauri disk regions where (photo)dissociation of gaseous molecules takes place, aromatics result from the cyclisation/aromatization of short aliphatics. This hypothesis is tested in the present study, with n-alkanes being submitted to high frequency discharge at low pressure. The contamination issue was eliminated using deuterated precursor. IOM was formed and studied using solid state nuclear magnetic resonance, pyrolysis coupled to gas chromatography and mass spectrometry, RuO 4 oxidation and high resolution transmission electron microscopy. It exhibits numerous similarities at the molecular level with the hydrocarbon backbone of the natural IOM, reinforcing the idea that the initial precursors of the IOM were originally chains in the gas. Moreover, a fine comparison between the chemical structure of several meteorite IOM suggests either that (i) the meteorite IOMs share a common precursor standing for the synthetic IOM or that (ii) the slight differences between the meteorite IOMs reflect differences in their environment at the time of their formation i.e. related to plasma temperature that, in turn, dictates the dissociation/recombination rates of organic fragments.
INTRODUCTION
Carbonaceous meteorites are considered as the most primitive objects of the Solar system and, as such, they contain valuable information regarding its formation. They are fragments broken from asteroids that have remained fairly unprocessed surviving their fall on Earth from space. These objects contain up to 4% of carbon. Most of this carbon occurs as organic matter, which comprises a large diversity of extraterrestrial organic molecules along with macromolecular insoluble organic matter (IOM) (Robert and Epstein, 1982; Cronin and Chang, 1993) . The analysis of the chemical composition of the meteoritic organic matter has been mainly focused on the Murchison meteorite over the last three decades.
The chemical structure of the IOM was recently investigated using a combination of analytical approaches including various spectroscopic methods (Cronin et al., 1987; Gardinier et al., 2000; Binet et al., 2002; Cody et al., 2002; Binet et al., 2004; Cody and Alexander, 2005; Orthous-Daunay et al., 2010) , thermal and chemical degradations followed by gas chromatography coupled with mass spectrometry (GC-MS), (Studier et al., 1972; Levy et al., 1973; de Vries et al., 1993; Sephton et al., 1998; Sephton, 2004; Remusat et al., 2005a; Remusat et al., 2005b; Sephton, 2013) along with high-resolution transmission electron microscopy Le Guillou et al, 2012) .
Taken together, all the data derived from the aforementioned analytical methods led to propose a model of molecular structure for the IOM of Murchison (Derenne and Robert, 2010) . This structure, based on small highly substituted aromatic units linked by short but highly branched aliphatic chains suggests a formation pathway in which the aromatic units result from the cyclisation/aromatization of the aliphatic chains. The aim of the present study is to test experimentally this mechanism by synthesizing an analogue to the hydrocarbon skeleton of the meteorite IOM.
Several attempts to synthesize analogues of extraterrestial organic matter have been reported so far. They often aim at reconciling the spectroscopic observations on astrophysical media with those obtained on synthetic organic matter. Various targets were distinguished in the literature such as cometary ices, interstellar organic molecules (on grains or in the gas phase gas), interplanetary dust particles (IDPs), meteorites, or Titan's aerosols. As a result, different experimental devices have been set up. A lot of effort has been put on the irradiation of ice mixtures comprising small molecules (CO, CO 2 , CH 3 OH, H 2 CO, CH 4 ) that are among the most abundant in the interstellar medium (ISM). In addition, in order to produce more complex molecules likely present in the ISM or in comets (Jenniskens et al., 1993; Bernstein et al., 1997; Schutte, 2002; Dworkin et al., 2004) , these syntheses succeeded in releasing amino acids upon hydrolysis (Bernstein et al., 2002; Munoz Caro et al., 2002) . Moreover, when a polarized light is used for irradiation, enantiomeric excesses could be measured (Nuevo et al., 2007; Danger et al., 2013; Modica et al., 2014) .
The other main class of synthesis aimed at identifying the carriers of infrared bands observed in the ISM and these syntheses involve hydrocarbons. Laser pyrolysis of various hydrocarbons (ethylene, acetylene, butadiene and benzene) was shown to produce soluble and insoluble OM, mostly aromatic (Galvez et al., 2002; Jäger et al., 2006) although the formation of aliphatic carbons upon acetylene pyrolysis could be revealed through Fourier transform infrared spectroscopy and 1 H nuclear magnetic resonance (Schnaiter et al., 1999; Biennier et al., 2009 ). Combustion of ethylene, acetylene or propylene in O 2 led to the formation of soots (Pino et al., 2008; Carpentier et al, 2013) . Photolysis of a plasma of hydrocarbons at low temperature (10 K) resulted in a so-called hydrogenated amorphous carbon polymer exhibiting a strong aliphatic character and considered as a good analogue for the diffuse ISM organic matter (Tokunaga and Wada, 1997; Dartois et al., 2004; Dartois et al., 2005) . It must be noted that the aforementioned synthesized materials were further subjected to various treatments (ion or UV irradiation, UV photoprocessing, thermal annealing) to mimic the effects of cosmic rays or the evolution of these materials within molecular clouds or diffuse clouds (Jenniskens et al., 1993; Strazzulla et al., 1995; Goto et al., 2000; Godard et al., 2011) . Ice irradiation produced the precursor of amino acids which were also identified upon hydrolysis of meteoritic OM. Irradiation of PAHs in water ice yielded oxidized PAHs similar to some reported in the extracts of meteorites (Bernstein et al., 2002; Ashbourn et al., 2007) but it cannot be excluded that the latter result from aqueous alteration. Recently, Callahan et al. (2013) reported the synthesis of a series of polyphenyl compounds upon benzene irradiation. The same compounds were shown to be present, although in trace amounts, in the organic extract of Murchison meteorite.
As stressed above, the aim of most of these studies was the search for spectroscopic signatures of synthetic materials produced in circumstellar or interstellar conditions. However, as far as the solid phase is concerned, an unique molecular structure can rarely be unambiguously attributed to spectroscopic signatures. In the case of the IOM isolated from meteorites, this issue is circumvented since the combination of various available laboratory techniques gives an access to its chemical structure at the molecular level. In the present study, we used this multiple analytical approach that has already given successful results on natural samples, to reconstruct the molecular structure of the polyaromatic IOM condensed from aliphatic hydrocarbons submitted to a radio frequency plasma discharge. The aim is to search the synthetic route of the meteorite IOM based on its molecular structure (Derenne and Robert, 2010) . The experimental conditions can be transposed to the conditions prevailing at the surface of the circumsolar T-Tauri disk, where ion chemistry and photochemistry take place simultaneously (Willacy and Woods, 2009 ). The thus formed OM was analysed by GC-MS for its soluble part and contamination issues were addressed using a deuterated precursor. The chemical structure of the synthesized IOM was compared with that of Murchison through pyrolysis coupled with GC-MS, ruthenium tetroxide (RuO 4 ) oxidation, solid state 13 C NMR and HRTEM.
EXPERIMENTAL

Irradiation experiment
Irradiation experiments were performed in a high vacuum glass line equipped with two pressure gauges in order to control the pressure of the gases on the way in and way out of the reaction. The glass line is fitted with molecular and primary pumps on the way out as all the experiments are performed during the constant flow of the gases. The reaction setup, similar to the so-called Nebulotron (Robert et al., 2011) , includes a removable U-shaped Pyrex tube where the synthesis takes place. 2 ml of n-alkane (pentane or octane, anhydrous, ≥99%, Sigma-Aldrich) is transferred into the vacuum chamber in the form of gas. The irradiation is performed with Evenson cavity (Fehsenfeld et al., 1964) used to excite microwave discharges with 2450 MHz microwave generator (Opthos Instruments). In the absence of refrigeration, the temperature of the reaction, measured on the outer surface of the Pyrex glass, rises up to 72 °C. It must be noted that the nature of the synthesis does not allow measuring the actual temperature of the gas inside the reaction vessel. The pressure during the synthesis is maintained at 3 mbar and the reflected power on the microwave generator is close to 0 watt. Before each experiment, the high vacuum glass line is cleared from any possible contaminants coming from the air and solvents. The entire system is heated to 100°C under the vacuum for several hours to remove water and other trace gases which may adsorb on the surfaces of the chamber. The influence of several parameters was tested: temperature (344 and 322 K), reaction time (30 and 60 min), precursor chain length (pentane and octane) and forced power of the microwave (30 and 60 watts). Total yield of the reaction is calculated by division of the initial mass of the reagent by final mass of the product multiplied by 100.
Sample extraction
The synthesized organic matter is scraped out of the U-shaped Pyrex tube and further extracted with a mixture of dichloromethane and methanol, 2:1, v:v. The extract is separated from the insoluble residue through centrifugation for 30min at 12000rpm. The 
GC-MS and Curie point pyrolysis GC-MS (Py GC-MS)
The GC-MS device is an Agilent Technologies 6890N gas chromatograph coupled with an Agilent Technologies 5973 Network mass spectrometer. A fused silica capillary column coated with chemically bound Restek RTX-5Si/MS (30 m × 0.25 mm i.d., 0.5 μm film) is used in a GC oven programmed from 50°C to 320°C at 4°C/min with He as carrier gas. The injector temperature is 280°C in spitless mode. The mass spectrometer operated with electron energy 70 eV, ion source temperature 220°C scanning from 40-700 amu at 2.24 scan.s -1 .
Pyrolysis is performed using tubular ferromagnetic wires with a Curie temperature of 650°C. The wires are inductively heated using high frequency generator (Pilodist Curie point pyrolyzer) up to Curie temperature in 0.15 s and maintained at this temperature for 10 s. Ca. 4 mg of sample are loaded in each wire. The pyrolysis unit is coupled to the same GC-MS device as described above. The GC oven program includes a first step at 50 °C for 10 min prior to heating to 320 °C at 2°C/min and the MS scan ranges from 35-800 amu at 0.5 scan.s -1 . Compound identification is based on mass spectra, GC retention times, and comparison with literature data.
HRTEM
HRTEM was carried out using a Jeol 2011 microscope, operating at 200 kV. When hkl planes are quasi-parallel to the incident electron beam (i.e., under the Bragg angle) and separated by at least 0.14 nm (the resolution of this microscope), fringes appear due to interference between the transmission electron beam and hkl diffracted beams and are representative of the profile of the hkl planes. In the IOM, the profile of the polyaromatics structure can be directly imaged Derenne et al., 2005; Le Guillou et al, 2012) . The sample was finely crushed into an agate mortar under ethanol. A droplet of the obtained suspension was deposited on a lacey carbon grid and dried. Only very thin particles (>10 nm if possible) and placed across the web of the lacey grid were imaged, in order to avoid artefacts due to the quasi-amorphous carbon-supporting film.
Image analyses were conducted in a similar way as described by Derenne et al. (2005) . In brief, quantitative structural data are obtained after skeletonization of selected HRTEM images (Galvez et al., 2002; Rouzaud and Clinard, 2002; Le Guillou et al., 2012) . The image is processed by specific software that reduces the noise background by filtration in the Fourier transform domain. After selecting a threshold, a binary image is obtained and represents a skeleton of carbon layers profile. This skeleton is further analyzed and the length of all the fringes (L, i.e. the extent of the aromatic layers) is measured. Coherent domains are defined by the parts of the polyaromatic planes that are involved in the stacking of parallel planes (within a 15° margin). They are characterized by the number N of stacked layers and interlayer spacing d. Two neighbor fringes are considered as single, i.e. not stacked when their angle is larger than 15° or their spacing larger than 0.7 nm.
Nuclear magnetic resonance (NMR)
Solid state 13 C NMR spectra of synthesized IOM were obtained at 125 MHz (Bruker AV500 spectrometer) using a 4 mm resonance Bruker MAS probe, magic angle spinning at 14kHz, cross-polarization sequence with 3 s recycle time and contact times t c ranging from 100 μs to 9 ms. Each spectrum was the result of 16000 scans. Free induction decays were analyzed with the Bruker TopSpin program and spectra were decomposed using the Dmfit program (Massiot et al., 2002) . The chemical shifts were standardized to the TMS scale (0 ppm) and were adjusted using 13 C-labeled adamantane. The assignment of the signals was performed according to (Gardinier et al., 2000) .
Fourier transform infrared spectroscopy (FTIR)
The synthesized IOM was mixed with KBr and pressed to form pellets. FTIR spectra were recorded using a Bruker Tensor 27 spectrometer. The spectra (32 scans) were recorded after pellet desiccation at room temperature for 4 hours.
Ruthenium Tetroxide Oxidation (RuO 4 oxidation)
The experimental conditions are based on previously published oxidation of Murchison and Orgueil meteorite IOM (Remusat et al., 2005b) . A mixture of 1 mL of CCl 4 , 2
Code de champ modifié mL of distilled water, 1 mL of CH 3 CN, 500 mg of sodium metaperiodate (Sigma-Aldrich), and 50 mg of IOM sample were stirred for 30 min at room temperature. Then 5 mg of ruthenium (IV) dioxide (Sigma-Aldrich) were added followed by constant stirring. After 4 h, few drops of isopropanol were added to stop the reaction, then after 5 min the residue was separated by filtration and successively rinsed with 10 ml of MeOH, 20 ml of CH 2 Cl 2 , and 20 ml of distilled water. The organic filtrates were dried over sodium sulfate. The aqueous filtrate was extracted with distillated ether and combined with the organic filtrates. This organic solution was concentrated by rotary evaporation and dried under N 2 at room temperature prior to silylation which is automatically performed in the GC autosampler by heating up 100 µl of solution with 10 µl N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) for 10 min at 60°C. An aliquot of the organic solution was also methylated by refluxing it into MeOH for 1h in the presence of few drops of acetyl chloride. Silylated ethers and methyl esters were analyzed using GC-MS with the aforementioned experimental conditions. Procedural blank experiments, with and without standard diacids (succinic, glutaric, and adipic acids), were carried out to rule out any laboratory pollution among the oxidation products and check that no short products are lost during the analytical procedure. The oxidation reaction was carried out in 5 replicates.
RESULTS
Synthesis
The total yield of synthesized material ranges from 0.3 to 15 % depending on the synthesis parameters (Table 1 ). An increase in temperature, power and reaction time as well as the use of octane instead of pentane, i.e. the increase in C number of the alkane precursor, result in an increase in the yield. The maximum yield, 15 wt %, is thus obtained after 60 min of irradiation using n-octane as a precursor at 60 watts forced power at 72 °C (Table 1) . Under these conditions, the soluble and insoluble organic matter is produced in the ratio of 15:85. GC-MS and pyrolysis GC-MS analyses further indicate that the different factors influences the yield of the reaction but do not have any impact on the chemical structure of the synthesized products.
Contamination issue
Before a detailed analysis of the synthesized OM, the contamination had to be addressed. Syntheses performed using deuterated and unlabeled n-pentane under the same conditions led to similar results as shown by the two GC-MS traces of the soluble fractions ( Fig.1) . GC-MS identification shows that all peaks are hydrocarbons and that the trace obtained from the labeled pentane only comprises the deuterated counterparts of the compounds present in the initial trace. Indeed, the difference in molecular weight for each compound equals the number of H in the reference compound. This clearly rules out any contamination and shows that the analyzed products are actually formed from the alkane precursor. A detailed investigation of these products is reported below.
Characterization of the soluble OM by GC-MS
All the identified compounds in the soluble fraction ( Fig. 2 , Table 2 ) correspond to polycyclic hydrocarbons with two (1-4,6) to five rings (24-26), the most abundant being phenanthrene (15) and pyrene (21). In addition to the parent compound themselves, some counterparts bearing short alkyl substituents (C 1 -C 3 ) are also identified. The composition of the soluble fraction obtained after octane irradiation shows that the fragmentation of the aliphatic precursor leads to the formation of aromatic compounds, thus supporting the proposed mechanism. In addition, the similarity in chemical composition of the soluble OM formed under various conditions (time, temperature, precursor chain length and forced power of the microwave generator) suggests that the first step in the synthesis involves the breakdown of the precursor into small units. More especially, it must be noted that the increase in yield between the synthesis performed from pentane and octane likely only reflects an increase in the number such units. It has been checked that there is no trace of octane left in the products, indicating that the precursor is completely cleaved in the plasma.
More generally, no aliphatic compound could be detected.
Pyrolysis-GC-MS analysis of the IOM
Pyrolysis-GC-MS is commonly used to study macromolecular OM in terrestrial samples like kerogens and coals but also in extraterrestrial samples such as meteorites (Murae, 1995; Komiya and Shimoyama, 1996; Remusat et al., 2005a; Okumura and Mimura, 2011; Sephton, 2013) and tholins (Khare et al., 1981; McGuigan et al., 2006; Szopa et al., 2006) . The IOM synthesized in the present study was therefore analyzed using Curie point pyrolysis. The pyrochromatogram shows a large number of peaks (Fig. 3 ). Pyrolysis products (Table 3) are aromatic compounds comprising one (1-7, 11, 12) to four rings (29, 30) . The abundance of the products seems to decrease with the number of rings suggesting a rather small size for the aromatic units in the macromolecule. Most compounds bear short alkyl substituents (2-7, 10-13, 15-18, 20, 23, 26) . A lack of predominance of specific isomers is also observed among all pyrolysis products.
The pyrolysate of the synthesized IOM only comprises cyclic, mainly aromatic products. It cannot be excluded that at least a part of these products underwent cyclization and aromatization upon pyrolysis and thus were not preexisting in the IOM. Such an artifact should be rather limited as the soluble fraction also exhibits a strong aromatic character and that soluble and insoluble fractions are expected to represent a continuum in molecular weight and cross-linking. However, due to limitations in GC-MS, one cannot derive from the aforementioned data an actual distribution of the size of the aromatic units occurring in the synthesized IOM. This can be achieved through HRTEM which provides a direct observation of the polyaromatic units profile and allows semi quantification using image analysis Le Guillou et al., 2012; ) .
HRTEM observation of the IOM
HRTEM images of the synthesized IOM all present rather weak organization of the macromolecules (short and disoriented fringes, large interlayer spacing, very small coherent domains). However, two different types of nanostructure can be distinguished, amorphouslike particles (Fig. 4a, b ) and disordered carbon areas characterized by longer fringes (Fig. 4c,   d ). These two different areas could reflect structural heterogeneity of the sample possibly related to wall effect during the synthesis. Semi-quantitative structural data were obtained after skeletonization of HRTEM images . The length of all fringes, interlayer spacing and percentage of single layers was individually measured. Average values resulting from hundreds of fringes are reported in the Table 4 . They confirm the very small size of the polyaromatic structures as well as their very low level of organization. Indeed, their size ranges between 0.39 and 0.48 nm corresponding to 1 -4 rings. Most of the layers are not stacked to form coherent domain and can be considered as "single". The mean interlayer spacing is very large, very far from the 0.3354 nm for perfect graphite. The low level of organization observed through HRTEM is consistent with the features highlighted by GC-MS and Py-GC-MS, the high level of substitution likely preventing the formation of large polyaromatic units as well as their stacking to form coherent domains (a majority of the nonstacked layers is observed even in the less disordered carbon, see Table 4 ).
NMR analysis of the IOM
All the above-described data were unable to reveal any aliphatic contribution to the IOM, except the short aliphatic substituents of the aromatic pyrolysis products. Similar observations were made on meteoritic IOM despite a significant signal in 13 C NMR. Indeed, 13 C NMR differentiates the 13 C nuclei based on their chemical environments, giving an indication of the overall carbon composition.
Solid state 13 C NMR has been applied to numerous types of natural IOM such as coals (Yoshida et al., 2002; Erdenetsogt et al., 2010) and oil shales (Miknis et al., 1979; Maciel and Dennis, 1981; Miknis et al., 1982) but also extraterrestrial samples, like meteorites (Cronin et al., 1987; Gardinier et al., 2000; Cody and Alexander, 2005) or tholins .
It involves the so-called 1 H-13 C cross polarization (CP) sequence for sensitivity enhancement and magic angle spinning (MAS) to reduce peak broadening.
The spectrum of the synthesized IOM, recorded with a classical contact time t c of 3 ms, shows two main peaks assigned to aliphatic and aromatic carbons (Fig.5 ). The aliphatic peak maximizes at 36 ppm (C in aliphatic chains) and it exhibits two rather well-resolved peaks at around 14 ppm and 23 ppm which reveal the presence of methyl (CH 3 ) groups which are linked to the aliphatics and aromatics, respectively. The aromatic signal shows a maximum at 127 ppm (mainly protonated aromatic C) along with a shoulder at 138 ppm which can be assigned to non-protonated aromatic C. A spinning side band (SSB) related to the aromatic signal is visible on the left hand side of the spectrum. It must be noted that the second SSB falls under the aliphatic peak. The spectrum can therefore be decomposed into 5 components, namely aliphatic -linked CH 3 at 14 ppm, aromatic -linked CH 3 at 23 ppm, aliphatic C at 35 ppm, protonated aromatic C at 126 ppm and non -protonated aromatic C at 139 ppm along with their SSB (Fig. 5) .
In order to acquire quantitative data, 12 spectra were recorded with a contact time t c ranging from 100 to 9000 µs (Fig. 6a ). It must be noted that the smaller peaks and shoulders are hardly visible at the shortest t c due to inefficient magnetization transfer from H to C. This reflects either the lack of H on the considered C (139 pm peak) or the molecular motion in the methyl groups (14 and 22 ppm peaks). The evolution of the shape of the spectrum with t c thus clearly emphasizes the necessity to record spectra at various t c to derive quantitative data. The latter can be obtained by plotting the intensity I of each signal vs t c as it is known that, at long t c , it follows the equation (1),
where I 0 is proportional to the number of C contributing to that signal and T 1ρH is the spinlattice relaxation time. I 0 can be determined from the intercept in a Ln I = f(t c ) diagram (Fig.   6b ). The obtained values for the 5 types of C are gathered in Table 5 and reveal a significant contribution of aliphatic carbons. The latter is confirmed by the presence of bands in the FTIR spectrum (not shown) around 2900 cm -1 (aliphatic C-H stretching absorptions) and 1450 and 1375 cm -1 (asymmetrical CH 2 and CH 3 and symmetrical CH 3 bending vibrations, respectively) although the spectrum also exhibits bands at 1600 cm -1 (C=C in plane vibrations) and between 700 and 900 cm -1 (C-H out of plane deformations). Moreover, the relative intensities of the 1450 and 1375 cm -1 bands point to a significant contribution of methyl groups in the aliphatic C, in agreement with NMR calculations. However, no molecular information on the aliphatic carbons (chain length, branching level) can be deduced from these spectroscopic data and RuO 4 oxidation had to be performed.
RuO 4 oxidation of the IOM
RuO 4 oxidation is especially efficient in selectively degrading the aromatic rings to CO 2 . This mild oxidation results in the release of the acyclic and cyclic aliphatic substituents to which the aromatics are bound as acyclic and cyclic carboxylic acids, the carboxylic functional groups marking the attachment points on the aromatic moieties. Followed by GC/MS identification of the released products, it has been first developed for the analysis of coals (Stock and Tse, 1983; Stock and Wang, 1985; Kidena et al., 2004) and then largely applied on other terrestrial samples like kerogens (Boucher et al., 1990; Standen et al., 1991; Kribii et al., 2001; Li et al., 2004) , asphaltenes (Strausz et al., 1999; Li et al., 2010; Muhammad and Abbott, 2013) , crude oil (Warton et al., 1999) , soil IOM (Quénéa et al., 2005; Winkler et al., 2005) and non-hydrolysable algal biopolymers (Blokker et al., 2000; Blokker et al., 2006) . Recently, this technique was also used in the analysis of carbonaceous meteorites (Remusat et al., 2005b) .
The oxidation products of the synthesized IOM are analyzed after silylation. They mainly comprise aliphatic mono-and dicarboxylic acids along with small amounts of aromatic acids (Fig. 7, Table 6 ). Monocarboxylic acids (1-5, 9-11, 14, 20, 21, 23) indicate the presence of alkyl chains linked to an aromatic ring and diacids (7, 16-18, 22, 24-26, 28, 29) reflect an alkyl bridging between two aromatic units. It must be noted that diacids are less abundant than monoacids. The monocarboxylic acids ranged between C 5 (1-5) to C 10 (23), showing that the chain length of the substituent comprises 4 to 9 carbon atoms. As for the diacids, their total chain length ranges from C 2 to C 9 (maximum C 6 ) leading to aliphatic linkages up to 7 carbon atoms. It must be noted that no propanedioic acid (C 3 ) could be detected, likely due to its degradation into CO 2 and formic acid under the experimental conditions as previously suggested by Stock and Wang (1986) . Numerous isomers are observed in both mono-and diacids pointing to a high branching level in these aliphatic chains. Two cycloalkane carboxylic acids are detected with C 5 and C 6 rings (6, 15) as well as a series of -1 oxocarboxylic acids ranging from C 5 to C 7 (8, 12, 19) . The formation of such ketoacids was reported through oxidation of the double bond in substituted cycloalkenes (Coudret et al., 1996; Reiss et al., 1997; Zimmermann et al., 2005) . The presence of such structures is consistent with a weak band at 1680 cm -1 in the FTIR spectrum. Taken together, these two types of compounds point to the presence of non-aromatic rings in the IOM, consistently with the presence of indane, indene or dihydronaphthtalene derivatives in the IOM pyrolysate. Aromatic acids comprise benzoic acid (13) along with two isomers of benzenedicarboxylic acid (27), which arise from the oxidation of fused benzene rings in polyaromatic units.
To go further in the identification of the IOM oxidation products, they were also analyzed after methylation. The latter revealed the presence of traces of aliphatic (C 6 and C 7 ) tricarboxylic acids along with two isomers of benzenetricarboxylic acids which could not be detected in the silylated extract.
DISCUSSION -COMPARISON WITH METEORITE IOM AND COSMOCHEMICAL IMPLICATIONS
The purpose of the present work was to test the ability of synthesizing macromolecular material from small aliphatic units under presolar disk conditions corresponding to regions where a massive (photo)dissociation of gaseous molecules took place. However, it must be noted that we do not address the physical cause of the dissociation (dense UV photon-dominated regions, high velocity shocks, …)
As the present synthesis only involves C and H atoms and no heteroelement whereas the latter substantially contribute to the meteorite IOM, the comparison between the presently synthesized material and the meteorite IOM should be limited to its hydrocarbon skeleton. Both materials exhibit an aromatic character with a chemical structure based on small aromatic units, as directly imaged by HRTEM. Indeed the average length of the aromatic layers in the disordered area of the synthesized material (0.48 nm) is comparable to that previously reported for Murchison and Orgueil IOM (0.55-0.58 nm; Derenne et al., 2005) . In both cases, the more frequent structure corresponds to about a length of 2 fused rings (layers of about 4 fused rings if the structure is considered as isometric). Moreover, these values contain important information: (i) the synthesized IOM is not amorphous (i.e. made of randomly distributed carbon atoms) since sub-nanometric fringes are detected and (ii) this synthesized carbonaceous matter is very far from graphite for which graphene layer size is more than 100 nm and such layers are stacked by tens (whereas subnanometric layers of the synthesized IOM are often single, or piled by two units). Finally, it must be noted that in chondrites of petrologic type >3.0, the evolution of the IOM is controlled by the extent of thermal metamorphism. The polyaromatic layers, shorter than 1 nm in petrologic type ≤ 3.0 chondrites, grow up to sizes between 5 and 10 nm in petrologic type >3.6 chondrites, contributing to the increase of the degree of structural order (Le Guillou et al., 2012) .
Therefore, according to HRTEM, the synthesized IOM appears to be very similar to the pristine meteoritic IOM as found in non-thermally metamorphosed meteorites.
Beside these aromatic units, FTIR and solid state 13 C NMR revealed the presence of aliphatic carbons. Using variable contact time experiment in the CP/MAS sequence, a comparison between the relative abundance of aliphatic and aromatic carbons in the meteorite and synthesized IOM can be achieved although it must be restricted to the carbons which do not bear any heteroelement. Quantitative data derived from NMR have been published on a relatively restricted set of carbonaceous chondrites, namely Murchison, Orgueil, EET92042 and Tagish Lake (Gardinier et al., 2000; Cody et al., 2002; Cody and Alexander, 2005) . They reveal differences in aromaticity, (i.e. the intensity ratio of aromatic to total signal) with the following order of increasing aromaticity, from EET92042 to Orgueil, Murchison and Tagish Lake. This has been interpreted as the result of a progressive trend of IOM alteration on the parent body, the aromatic units being considered as more refractory than the aliphatic chains. The presently synthesized IOM exhibits a higher aliphatic character than Orgueil, Murchison and Tagish Lake and rather similar to that of EET92042. This is further supported by an H/C elemental ratio of 1.11 for the synthesized IOM, substantially higher than that of the IOM from Orgueil, Murchison and Tagish Lake.
A more precise comparison between meteorite and synthesized IOM can be achieved through Py-GC-MS and RuO 4 oxidation. Indeed, molecular information can be derived from these techniques on aromatic and aliphatic units respectively.
Most of the compounds identified in the pyrolysate of the synthesized material were also reported upon pyrolysis of Murchison and Orgueil (Table 3) . Moreover, to achieve quantitative comparison between the extraterrestrial and synthesized samples, the relative abundances were compared. To this end, the peak intensities were normalized to 2methylnaphthalene, as this compound is the most abundant one in the present pyrolysate, and further compared with those calculated from Murchison and Orgueil pyrolysate (Fig. 8) .A general good agreement is observed as most compounds fall close to the 1:1 line, especially when compared with Orgueil.
As far as we are aware, RuO 4 oxidation was only performed on Orgueil and Murchison meteorites (Remusat et al., 2005b) . They mainly released aliphatic di-and tricarboxylic acids, along with benzenecarboxylic acids although in lesser amount. These products are also identified in the present study (Table 6 ) but with different distribution (Fig.   9 ). The relative abundance of the diacids increases from C 4 to C 6 and then decreases in the synthesized IOM whereas a regular decrease with the chain length is observed in the meteorites. It must also be noted that the methyl substituted diacids are more abundant than their parent compound (e.g. 17 and 18 with respect to 16) contrary to what was observed in Orgueil and Murchison. Another major difference between these two types of IOM is the presence of the C 5 to C 10 monocarboxylic acids (Fig. 7, Table 6 ) which were not observed in the meteorites.
Taken together, the differences in distribution and the presence of monocarboxylic acids are consistent with the higher aliphaticity previously deduced from NMR for the synthesized IOM. The presence of ketoacids and cycloalkanoic acids in the RuO 4 oxidation products and of non-aromatic cyclic products in the pyrolysate of the IOM suggests a substantial contribution of non-aromatic unsaturated and saturated rings in the chemical structure of the synthesized IOM. The latter were at most present in much lower abundance in the meteorites. As these structures can be considered as intermediates in the aromatization process, it seems that the synthesized IOM has not reached the same aromatization stage as the one observed in Orgueil and Murchison IOM. Two hypotheses can be put forward to account for this difference. (i) Either all the aforementioned meteorites share a common precursor and they further undergo aromatization to different extents, EET92042 being the most pristine; (ii) or they are formed in different regions of the nebula where slightly different conditions prevail especially for dissociation rates and therefore hydrogen content. This second hypothesis is supported by a recent study reporting on the influence of plasma temperature on its composition (Lombardi et al., 2005) . In this study, the distribution of the various species in a CH 4 /H 2 microwave discharge is determined as a function of temperature, thus showing that the higher plasma temperature, the more atomic hydrogen. Atomic hydrogen being known to prevent the formation of aromatic hydrocarbons, less aromatic material will be formed under conditions that favor high plasma temperature. In this context, EET92042 would be formed in nebula regions where higher dissociation rates take place whereas the more aromatic Tagish Lake would have formed in regions with lower dissociation rates, the synthesis performed in the present study being more representative of the formation of IOM from EET92042.
CONCLUSION
First, it is worth noting that synthesis performed with pentane or octane yields similar compounds. Therefore the precursors of these compounds do not retain the "memory" of the starting material. The carbon number of the reaction products is independent of their precursors and the polymerization yields compounds with molecular weight higher than that of the precursor. In other words, similar resulting organic residues can be obtained from any type of aliphatic hydrocarbons suggesting their cleavage into very small common units. Whether the polymerization takes place within the gas phase or onto the vessel walls remains an open issue.
Aliphatic hydrocarbons submitted to a plasma discharge under reduced pressure yield organic matter among which 85% is insoluble. Solid state 13 C NMR shows that the synthesized IOM comprises both aromatic and aliphatic carbons, thus revealing the formation of aromatic moieties from aliphatic units in the gas phase and/or on grains. Py-GC-MS and HRTEM analyses of the synthesized IOM point to strong similarities at the molecular level with the hydrocarbon skeleton of Orgueil and Murchison IOM. 13 C NMR and RuO 4 oxidation confirm these qualitative similarities although suggesting that the structure of the synthesized IOM has not reached the same stage of aromaticity as the meteorite IOM.
Based on a comparison performed on IOM from various meteorites, two hypotheses can be put forward to account for this difference: (i) either the synthesized IOM exhibits a pristine chemical structure, which has not undergone any alteration similar to that which takes place on the parent body or (ii) the differences observed between the meteorites reflect differences in their formation conditions, the synthesized IOM being formed in an environment closer to that of EET92042 than Orgueil and Murchison. These differences would mainly rely on plasma temperature and consequently dissociation rates and hydrogen availability. These results and their comparisons with those obtained on the IOM isolated from the meteorites support the proposal according to which aromatics in the IOM meteorites result from the cyclisation/aromatization of aliphatics in the gas. Remusat et al. (2005a) . Fig.1 . GC-MS traces of soluble organic matter produced from a) n-pentane, b) fully deuterated n-pentane. Fig. 2 . GC-MS trace of the soluble OM synthesized from n-octane. Numbers refer to Table 2 . Fig. 3 . Total ion current (TIC) of the 650°C pyrolysate of synthesized IOM from octane. Numbers refer to Table 3 . Remusat et al. (2005a) . Numbers refer to Table 3 . Fig. 9 . Bar diagram comparing the relative abundance of RuO4 oxidation products in the synthesized (light grey) and meteorite (Orgueil in grey and Murchison in black) IOM (meteorite data from Remusat et al. (2005b) . Numbers refer to Table 6 and isomers of 18 have been distinguished for a better comparison with meteorite data. 
